The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus \[[@pone.0161914.ref075]\] and are accessible through GEO Series accession number GSE81017 (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81017>).

Introduction {#sec001}
============

Virus-host studies of a wide range of human viruses have identified many changes that occur in host cells upon viral infection, including modulation of host DNA/RNA/protein synthesis, induction of various anti-viral pathways, and sequestration/degradation of cellular proteins \[[@pone.0161914.ref001]--[@pone.0161914.ref003]\]. Viruses rely on host cell proteins and their associated mechanisms to replicate \[[@pone.0161914.ref004],[@pone.0161914.ref005]\]. Numerous virus-host interactions therefore occur during infection, which enable both partners to respond to each other. Identifying the modifications that result from virus-host interactions is currently a crucial frontier in understanding viral infection.

Alternative RNA splicing is a central mode of genetic regulation found in higher eukaryotes which changes the sequence of an RNA transcript, thereby influencing gene expression on several levels \[[@pone.0161914.ref006]\]. Alternative splicing (AS) increases the variability of the cellular proteome by changing the composition of transcribed genes through differential choice of exons to be included in mature mRNAs. AS is therefore a critical determinant of protein diversity by producing multiple transcripts and, as a consequence, various proteins from a single gene \[[@pone.0161914.ref007],[@pone.0161914.ref008]\]. Many splice variants have distinct and sometimes opposing functions. For instance, the Bcl-x RNA transcript can be alternatively spliced to produce two isoforms: Bcl-x(L), which has anti-apoptotic effects, and Bcl-x(S), which promotes apoptosis \[[@pone.0161914.ref009]\]. Not surprisingly, changes in pre-mRNA splicing patterns have been associated with many human diseases including cancer and amyotrophic lateral sclerosis \[[@pone.0161914.ref010]--[@pone.0161914.ref013]\]. The variety of alternative mRNA isoforms in the transcriptomes of higher eukaryotes suggests the presence of a complex interplay between *cis* elements and *trans* factors in order to regulate splicing decisions \[[@pone.0161914.ref014]\]. Splicing factors often bind specific pre-mRNA sequences to promote or repress splice-site recognition \[[@pone.0161914.ref015]\]. The role of some of these specific mRNA isoforms in disease biology is starting to emerge, and recent evidences indicate that some of these can be used as prognostic or diagnostic biomarkers \[[@pone.0161914.ref016]--[@pone.0161914.ref019]\]. The identification of molecules capable of correcting and/or inhibiting pathological splicing events is also an important issue for future therapeutic approaches \[[@pone.0161914.ref017],[@pone.0161914.ref020],[@pone.0161914.ref021]\].

Human viruses can utilize RNA splicing to facilitate the expression of their own genes. Modulation of AS of viral mRNA by viral-encoded factors is well established in such classical examples as papillomavirus, adenovirus and HIV, among others \[[@pone.0161914.ref022]--[@pone.0161914.ref024]\]. In contrast, the study of AS in mRNAs encoded by cellular genes during infection by human viruses remains sparse. Recent studies have shown that significant changes can be observed in the AS patterns of two cellular pre-mRNAs (i.e. PCBP2 and DST) as a result of the sequestration of the cellular HuR protein by Sindbis virus \[[@pone.0161914.ref025]\]. Similarly, the Poliovirus protease 2A (2Apro) induces a selective nucleo-cytoplasm translocation of several important RNA binding proteins and splicing factors which might lead to modifications in AS \[[@pone.0161914.ref026]\]. In the case of Epstein-Barr virus, a viral noncoding RNA (EBER1) interacts with splicing factor AUF1/hnRNP D, leading to a modification of cellular AS patterns \[[@pone.0161914.ref027]\]. In addition, previous studies reported the inhibition of pre-mRNA splicing by the Herpes simplex virus 1 (HSV-1) ICP27 protein. This viral protein is thought to contribute to HSV-1 host protein synthesis shut-off by interfering with cellular splicing machinery \[[@pone.0161914.ref028],[@pone.0161914.ref029]\]. ICP27 interacts with components of the splicing machinery and causes a redistribution of splicing factors \[[@pone.0161914.ref030],[@pone.0161914.ref031]\]. However, a recent transcriptomic study found no evidence of generalized inhibition of splicing upon HSV-1 infection \[[@pone.0161914.ref032]\].

In the present study, possible alterations to the global RNA splicing landscape of cellular genes upon viral infection were investigated using mammalian orthoreovirus, representative of a large family of viruses with a segmented double-stranded RNA genome, such as pathogenic rotaviruses. A non-pathogenic strain of mammalian itself is presently under clinical trials as a virotherapy agent against various cancers \[[@pone.0161914.ref033],[@pone.0161914.ref034]\], while possible emergence of new pathogenic orthoreoviruses has been accumulating over the last few years \[[@pone.0161914.ref035]\]. There is thus major incentives to a better fundamental understanding of viral and cellular determinants that could affect reovirus replication and its effect on the host cells.

Our study reveals both the transcriptomic and AS landscapes of reovirus-infected cells. This study provides the first comprehensive portrait of global changes in the RNA splicing signatures that occur in eukaryotic cells following infection with a human virus. We identify modifications in 240 AS events of transcripts frequently involved in the regulation of gene expression and RNA metabolism. These findings provide additional insights into the complexity of virus-host interactions as these splice variants significantly expand proteome diversity and function during viral infection.

Results {#sec002}
=======

Transcriptome of Reovirus-infected Cells {#sec003}
----------------------------------------

Reoviruses have long served as a model system for studying viral pathogenesis and virus-host interactions \[[@pone.0161914.ref036]\]. In the present study, high-throughput RNA sequencing (RNA-seq) was used in order to analyze both the cellular isoform-level mRNA abundances and AS patterns that are altered during reovirus infection. Murine L929 fibroblasts were mock-infected or infected with mammalian orthoreovirus (serotype T3/Human/Ohio/Dearing/55). Although initially isolated from human, this virus strain is generally used as a representative of mammalian reoviruses that exhibit a very large host-range. The mouse is generally used as an animal model while the murine L929 cell line is most currently used for propagation and study of reovirus in cell culture; this cell line was thus chosen for studies presented herein. In order to capture AS changes preceding the cytopathic effect, RNA-seq was performed on infected cells at 14 hrs post-infection, and viral infection was confirmed by qRT-PCR using specific primers for three viral genes (Fig A in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}). More than 132 million reads were obtained for each of the uninfected (mock-infected) and reovirus-infected cell samples (sequencing was done in triplicate, Table A in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}). Reads were then mapped to the reference genome, followed by transcript assembly and analysis of cellular gene expression and RNA isoform abundance. The overview of all the analyses performed in this study is outlined in [Fig 1A](#pone.0161914.g001){ref-type="fig"}. The gene list (23,343 genes) was initially filtered to keep only data detected in at least two replicates for both virus-infected and mock-infected cells (16,044 genes). To ensure higher reproducibility, only genes with expression levels higher than one transcript-per-million (TPM) in either dataset were conserved. More than 12,500 genes were expressed at \>1 TPM. Fold changes were then calculated between infected and uninfected cells (average TPM from the triplicate). Q-values (false-discovery rate) were calculated in order to correct for multiple statistical hypothesis testing, and results under 0.05 were considered significant. Our analysis revealed that the expression of a large number of cellular genes was modified upon viral infection ([Fig 1B](#pone.0161914.g001){ref-type="fig"} and Fig B in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}). The 569 genes for which the expression was the most significantly modified (which represent 5% of genes with the highest fold-change) were used for further analysis. The complete list and the corresponding expression profiles of these 569 genes (380 up-regulated and 189 down-regulated) is presented in Fig C in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}. As expected, gene ontology analysis revealed that the immune response is the most enriched function in the group of genes whose expression is upregulated upon infection ([Fig 1C](#pone.0161914.g001){ref-type="fig"}). Many of these immunomodulatory proteins (70/380, 18.4%) form a major interacting cluster and interact either directly or indirectly with each other (Fig D in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}). It should be noted that a recent study by Schurch and Al showed that at least six replicates should be used in differential gene expression analysis \[[@pone.0161914.ref037]\]. However, they also concluded that genes with a fold change higher than two are well detected with three replicates. Since our aim was to focus on genes with the highest fold change, a number of three replicates is acceptable to validate the biological interpretation of our results.

![Transcriptomic studies of cells infected with reovirus.\
(A) Overview of the strategy used to identify the changes in both the cellular transcriptome and alternative splicing landscape upon reovirus infection. RNA-seq analysis was performed on infected cells at 14 hours post-infection. (B) MA-plot of cellular gene expression levels upon viral infection as compared to uninfected cells. The graph shows the fold-change (FC) in base 2 logarithm between infected and mock cells according to the mean expression of the gene in transcripts per million (TPM, also presented in log~2~). A cluster of over-expressed genes during viral infections with high TPM value can be seen on the upper right corner. (C) Gene ontology analyses of the 569 genes for which the expression was the most significantly modified following viral infection. Up- and down-regulated genes were imported into the DAVID gene ontology suite of programs at the NIAID. Ontological functions were determined for biological processes, and background of all detected genes was used.](pone.0161914.g001){#pone.0161914.g001}

Modification of the Cellular AS Landscape Upon Viral Infection {#sec004}
--------------------------------------------------------------

In order to identify the cellular AS patterns that are altered during reovirus infection, we evaluated modification to discrete splicing region on isoforms by quantifying all alternative splicing events (ASEs) using the percent spliced-in (PSI) metric. For every ASEs detected, quantitation was carried on based on the percentage on the long form on total form present for a specific ASE. ([Fig 2A and 2B](#pone.0161914.g002){ref-type="fig"}) (see Materials and methods). The ASE list (19,125 events) was initially filtered to keep only data detected in at least two replicates for both virus-infected and mock cells (8,482 genes). The ASEs that differed between mock-infected and infected cells with a P-value of less than 0.05 were conserved (1,732 events). To ensure higher stringency, the ASEs were further filtered with a cutoff Q-value of less than 0.05 (416 events). From these events, only those with a difference higher than 10% in \|PSI\| were considered biologically relevant. Using such an approach, we identified 240 splicing events belonging to 194 genes for which the AS pattern was significantly modified upon viral infection (Q \<0.05, Delta\|PSI\| \>10) ([Fig 2C](#pone.0161914.g002){ref-type="fig"} and Fig E in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}) including 42 events which had Delta \|PSI\| values higher than 30% (Table B in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}). To identify cellular pathways for the differential ASEs associated with viral infection, we performed a functional enrichment analysis on the 240 selected ASEs. The analysis revealed significantly enriched (P \< 0.05, Bonferroni correction) terms in both RNA metabolism (22.3%) and gene expression (25.1%) (Fig F in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}). A significant number of the modified ASEs are encoded by genes with important roles in viral infection/immunity. For instance, alterations in the splicing patterns of *RFX5*, which encodes for a protein involved in MHC-II expression, *MDM2*, a key cellular component of the signaling pathway used by reovirus for infection, and *RFN135*, which encodes a RING finger protein involved in the RIG-I/MDA5-mediated induction of IFN-alpha/beta pathways were observed upon viral infection. Through manual curation of functional annotations, we also identified 23 transcription factors, 7 proteases, 5 kinases, 23 hydrolases, and 9 splicing factors for which AS is significantly modified upon viral infection ([Table 1](#pone.0161914.t001){ref-type="table"}). An example of a differentially spliced transcript is presented in [Fig 3A and 3B](#pone.0161914.g003){ref-type="fig"}, illustrating the modifications in isoform usage in transcripts encoded by the *ABI1* gene upon viral infection. Additional examples of alterations in splicing profiles are displayed in Fig G in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}. The variations in AS of the 40 ASEs for which AS is the most significantly altered upon viral infection are presented in [Fig 2D](#pone.0161914.g002){ref-type="fig"}, and the complete list of the differential ASEs associated with viral infection is shown in Fig H in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}. Finally, we used RT-PCR analysis in order to experimentally validate the differential ASEs that were observed through RNA-seq studies. Specific primers were designed to allow detection of sixteen predicted ASEs by PCR. Our results demonstrated that the changes in AS levels detected by RT-PCR were similar to the ones revealed through transcriptome sequencing, and displayed high levels of correlation (r = 0.77) ([Fig 3C](#pone.0161914.g003){ref-type="fig"}). Sanger sequencing was also realized on several ASEs to confirm that RT-PCR reactions are specific and amplify the predicted ASEs (Table C in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}).

10.1371/journal.pone.0161914.t001

###### Protein families found in the 240 transcripts that are differentially spliced upon viral infection.

![](pone.0161914.t001){#pone.0161914.t001g}

  Protein Classification                   Frequency   Percentage
  ---------------------------------------- ----------- ------------
  Calcium-binding protein (PC00060)        1           0.5%
  Cell adhesion molecule (PC00069)         2           1,0%
  Cell junction protein (PC00070)          1           0.5%
  Chaperone (PC00072)                      1           0.5%
  Cytoskeletal protein (PC00085)           10          5.1%
  Defense/immunity protein (PC00090)       3           1.5%
  Enzyme modulator (PC00095)               23          11.7%
  Extracellular matrix protein (PC00102)   2           1.0%
  Hydrolase (PC00121)                      19          9.7%
  Kinase (PC00137)                         5           2.6%
  Ligase (PC00142)                         10          5.1%
  Membrane traffic protein (PC00150)       4           2.0%
  Nucleic acid binding (PC00171)           47          24,0%
  Oxidoreductase (PC00176)                 2           1.0%
  Phosphatase (PC00181)                    2           1.0%
  Protease (PC00190)                       7           3.6%
  Receptor (PC00197)                       4           2.0%
  Signaling molecule (PC00207)             2           1.0%
  Splicing Factors                         9           4.6%
  Structural protein (PC00211)             1           0.5%
  Transcription factor (PC00218)           23          11.7%
  Transfer/carrier protein (PC00219)       3           1.5%
  Transferase (PC00220)                    11          5.6%
  Transporter (PC00227)                    4           2.0%

![Global profiling of the cellular alternative splicing landscape and identification of differentially spliced ASEs during virus-host interactions.\
(A) Heatmap representation of isoform ratios for cellular transcripts in both infected and uninfected (mock) cells. RNA sequencing was done in triplicate for each condition. The map represents the percent-spliced-in (PSI) values based on isoform expression for the long and the short ASEs (see Materials and methods). Blue indicates high PSI values and red indicates low PSI values. (B) Alternative splicing events (ASEs) in cells infected with reovirus. ASEs were detected and quantified using the percent-spliced-in (PSI) metric. The graph shows an analysis of the difference in PSI values (Delta PSI) of the cellular genes following viral infection. Black triangles indicate Delta PSI values between -10 and 10, red squares indicate Delta PSI values greater than 10 or less than -10 with a Q value under 0.05, and green circles indicate same Delta PSI values but with a Q value above 0.05. (C) Heatmap representation of the 240 ASEs that are differentially spliced upon viral infection. RNA sequencing was done in triplicate for both the uninfected (mock) and infected cells. Blue indicates high absolute PSI values and red indicates low absolute PSI values. (D) PSI distribution of the 40 primary ASEs for which AS is the most significantly altered upon viral infection. The PSI values for the respective ASEs are indicated both for the uninfected and infected cells. Error bars indicate standard deviation.](pone.0161914.g002){#pone.0161914.g002}

![Validation of ASEs dysregulated in infected cells.\
(A) Overview of two isoforms encoded by the *ABI1* gene. Exons are depicted in red and the intervening introns are shown as thin black lines (not to scale). The primers used to detect the ASE by RT-PCR assays are shown in gray and the sizes of the expected amplicons (306 nt and 393 nt) are also indicated. The genomic coordinates of these two representative isoforms are also indicated. (B) Cellular mRNAs isolated from both uninfected and infected cells were analyzed by RT-PCR using specific primers to detect both forms of the modified ASE encoded by the *ABI1* gene. The amplified products were analyzed by automated chip-based microcapillary electrophoresis. Capillary electropherograms of the PCR reactions are shown. The positions and the amplitude of the detected amplicons are highlighted by red boxes. The positions of the internal markers are also indicated. The data shows the increase in the relative abundance of the short form (306 nt) and a decrease in the abundance of the long form (393 nt) upon viral infection. (C) Correlation between PSI values obtained from RNA-Seq and RT-PCR data. The analysis was performed on 16 selected ASEs (Abi1, Cwc22, Eif4a2, Hnrnpa2b1, Il34, Srsf3, Srsf5, Alkbh1, Cdkn2aip, Cflar, Hif1a, Mdm2, Serbp1, Sfswap, Smc2, Tbp). In all cases, the changes in AS levels detected by RT-PCR and the ones revealed through transcriptome sequencing displayed high levels of correlation (r \>0.77). Sanger sequencing was also realized on several ASEs to confirm that RT-PCR reaction is specific and amplifies predicted ASE.](pone.0161914.g003){#pone.0161914.g003}

It should also be noted that we also identified the cellular AS pattern that is altered during infection with a mutant reovirus harboring a single amino acid substitution in the mRNA capping enzyme λ2 (P4L-12 mutant). This mutant has been previously shown to display an increase in interferon sensitivity \[[@pone.0161914.ref038],[@pone.0161914.ref039]\]. Analysis of the ASEs revealed almost identical modifications to the cellular AS patterns than with the wild-type reovirus (Fig I in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}). Indeed, upon infection with the mutant virus, we identified similar changes to the AS of cellular transcripts i.e. the AS of the same events were modified and displayed similar ΔPSI values. The only notable exception was for an ASE on the ATAT1 gene (Alpha Tubulin Acetyltransferase 1) which showed a considerable ΔPSI shift from WT virus (ΔPSI = 13.8) to mutant (ΔPSI = -10.4). However, RT-PCR validation failed to validate this shift, hence pointing toward a sequencing artifact rather than a mutant virus-specific change of alternative splicing.

Characterization of the ASEs that are Modified Upon Viral Infection {#sec005}
-------------------------------------------------------------------

We next compared the profiles of the 240 selected ASEs that are differentially spliced upon viral infection against all the ASEs that were detected in our RNA-seq experiments. Among the different types of AS changes noted in the 240 selected ASEs, exon cassette events were the most common and represented a significant proportion of total changes (p \< 0.0001; [Fig 4A](#pone.0161914.g004){ref-type="fig"}) as compared to all the ASEs identified in our assay. In addition, a significant decrease in alternative 5' end usage was observed in the selected ASEs in comparison to all ASEs (p \< 0.0001). The vast majority of the ASEs that are modified upon viral infection were found at a level of one splicing event per gene ([Fig 4B](#pone.0161914.g004){ref-type="fig"}). Interestingly, analysis of the correlation between AS and gene expression indicated stable expression of most of the transcripts harboring ASEs that are differentially spliced upon viral infection ([Fig 4C](#pone.0161914.g004){ref-type="fig"}). Notable exceptions included GVIN1, an interferon-inducible GTPase, and the apolipoprotein 9a (APOl9A) which are both significantly over-expressed upon viral infection and differentially spliced.

![Characterization of the ASEs that are modified upon viral infection.\
(A) The percentage of splicing profiles found in cells and in the 240 differentially spliced transcripts are presented. Schematic representations of the various splicing profiles are also indicated as well as the statistical significance (chi-square with Yates\' correction). (B) Distribution of the number of ASEs per gene. The vast majority of the ASEs that are modified upon viral infection were found at a level of one splicing event per gene. (C) Gene expression levels of the 240 differentially spliced transcripts. The graph displays both the modifications in gene expression and alternative splicing of the 240 ASEs that are differentially spliced upon viral infection. The variations in gene expression are presented in a logarithmic scale (Log~2~).](pone.0161914.g004){#pone.0161914.g004}

Among the 240 ASEs for which AS was significantly affected upon viral infection, many splicing events we documented affect known protein domains. Table D in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"} displays the predicted consequences of the differentially spliced transcripts on protein function for 110 transcripts that are differentially spliced upon viral infection. Among the differential ASEs associated with viral infection, at least 10 ASEs resulted in the addition or loss of predicted nuclear localization signals (NLS) including the CDC-Like Kinase 4 (CLK4), the e2F3 transcription factor, and the Influenza Virus NS1A Binding Protein (IVNS1ABP). Other ASEs were associated with key functional domains in proteins such as the loss of the RhoGAP domain in the Rho GTPase activating protein 11A (ARHGAP11a), and the loss of death-effector domains (DED) in the CASP8 And FADD-Like Apoptosis Regulator (CFLAR).

Proteomic Analysis of Reovirus-Infected Cells {#sec006}
---------------------------------------------

Since we identified changes at the transcriptomic level, we were interested to know if those ASEs have functional consequences at the proteome level during reovirus infection. To assess this question, we infected L929 cells with reovirus and conducted proteomic analysis using LC-MS/MS. Since our informatics analysis predicted that protein localization could be altered in infected cells, nuclear and cytoplasm cell fractionations were realized prior to MS analysis. 42,489 peptides belonging to 4521 genes were detected, of which 100 genes were also previously identified to have altered splicing (100/194: 51.5%). In order to confirm predicted functional changes caused by AS, we used the SpliceVista program which allows visualization and characterization of spliced protein isoforms. The identification of transcripts-specific peptides confirmed that AS modifications in infected cells can modify protein isoform expression from the *MACF1*, *TPP2*, *LRRFIP1*, *PRPF39* and *SON* genes ([Fig 5A](#pone.0161914.g005){ref-type="fig"}). For instance, peptide B originating from the LRRFIP1 short transcript isoform was detected by mass spectrometry only in the cytoplasm fraction of the uninfected cells ([Fig 5B](#pone.0161914.g005){ref-type="fig"}). A similar pattern was also observed for the peptide originating from the PRPF39 short transcript. The molecular investigation concerning these changes and their impact in alternative splicing and viral-host interaction will be required.

![Proteomic analysis of uninfected and reovirus-infected cells.\
(A) *LRRFIP1* coding exon structure and localization of peptides detected for this gene. Two long isoform transcripts (NM_001111312; NM_008515) and one short isoform transcript (NM_001111311) are also represented. Other short (BC144955; AK044174) and long (BC145642) isoforms analyzed in the RNA-Seq process were omitted. (B) Transcript-specific peptides detected for the long/short transcript. The intensities of peptide detection for both uninfected (mock) and infected cells in the cytoplasm/nucleus fractions are displayed as color gradation (Cytoplasm: grey = weakly detected, blue = strongly detected, white = undetected; Nucleus: grey: lightly detected, red = strongly detected; white = undetected). For Lrrfip1, two peptides (A and B) are presented. (C) Fold enrichment of reovirus proteins in nuclear fraction over the cytoplasmic one. Proteins μ2 (74.5x), λ3 (26.5x) and σNS (15.4x) were found to be above the background level of other viral proteins.](pone.0161914.g005){#pone.0161914.g005}

Conserved RNA Motif and RNA Splicing Factors {#sec007}
--------------------------------------------

The observed differences in the AS landscape of uninfected versus infected cells raised the possibility that AS might be driven by common RNA motifs responding to specific splicing factors. Consequently, the presence of over-represented nucleotide sequences near the splicing regions of the selected ASEs was analyzed. Sequences of the alternative exons and the flanking introns were selected for analysis since they have previously been shown to harbor AS control elements. Notably, we found a significant enrichment of a 41 nt motif in the vicinity of many splice regions of transcripts for which AS was altered upon viral infection (e-value = 1.3e-10^49^) (Fig J in [S1 Appendix](#pone.0161914.s001){ref-type="supplementary-material"}). The motif was found in 93 of the 240 ASEs that were differentially spliced upon viral infection. Although the exact role of this motif is currently unknown, bioinformatic analyses did not reveal the potential binding of splicing factors to this RNA sequence (data not shown). The AS landscape modification in infected cells could also result from the direct and/or indirect action of specific viral proteins. For instance, a viral protein could be interacting with specific sequences on cellular mRNAs thereby altering normal splicing process. Alternatively, a viral protein could also interact with splicing factors to alter the splicing reaction in the cell nucleus. Previous studies have shown a partial nuclear localization for certain reovirus proteins, namely μ2, σ1s and σ3 \[[@pone.0161914.ref040]--[@pone.0161914.ref047]\], although other proteins were not necessary examined, especially in the context of infected cells. Interestingly, our proteomics analysis of infected cells revealed nuclear enrichment for μ2, λ3 and σNS ([Fig 5C](#pone.0161914.g005){ref-type="fig"}). The potential role of these viral proteins in the virus-induced modification of cellular AS will need to be investigated in future studies.

The precise mechanism by which viral infection leads to modifications of the AS landscape in infected cells is currently unknown. Changes in splice site choice frequently arise from modifications in the assembly of the spliceosome or by altering the binding of splicing factors to the RNA transcripts \[[@pone.0161914.ref048]\]. Although splicing is regulated by an abundant and yet incompletely characterized set of splicing factors, dysregulated expression of individual splicing factors has been shown to frequently result in aberrant splicing \[[@pone.0161914.ref049]\]. In light of these findings, we therefore monitored both the expression profiles and the modifications in the AS patterns of transcripts encoding spliceosomal proteins and RNA splicing factors. As shown in [Fig 6A](#pone.0161914.g006){ref-type="fig"}, the expression of a very limited number of splicing factors and spliceosomal proteins is indeed affected upon viral infection. The expression of only 10 proteins involved in splicing was modulated by more than 2-fold upon infection. Interestingly, the expression of ESRP1, a splicing factor known to regulate diverse types of alternative splicing events \[[@pone.0161914.ref050]\], was apparently increased by more than 32-fold in infected cells. The ability of reovirus to alter the splicing patterns of transcripts encoding proteins involved in splicing (splicing factors and proteins of the spliceosome) was also investigated. Our study identified 9 splicing factors that were differentially spliced upon viral infection ([Fig 6B](#pone.0161914.g006){ref-type="fig"}). One example is the RNA Binding Motif Protein 4 (RBM4), a known modulator of alternative 5' splice site and exon selection \[[@pone.0161914.ref051]\]. Modifications to both the expression level and AS of splicing factors likely contribute to the observed modifications in the cellular AS landscape during viral infection.

![Proteins involved in RNA splicing.\
(A) Iris graph displaying the expression profile of proteins involved in RNA splicing. Differences in gene expression levels are shown on a logarithmic color scale (Log2). The expression of only 10 proteins involved in splicing was modulated by more than 2-fold upon infection (indicated by an asterisk). (B) Modifications to the splicing profiles of proteins involved in RNA splicing upon viral infection. Nine splicing factors were differentially spliced following viral infection. The changes in PSI values are indicated in red (negative delta PSI) or green (positive delta PSI).](pone.0161914.g006){#pone.0161914.g006}

Discussion {#sec008}
==========

The present study demonstrated that viral infection can extensively modify the splicing patterns of numerous cellular transcripts involved in gene expression and RNA processing. These splice variants significantly expand proteome diversity and function during viral infection by encoding altered proteins that could influence gene expression and defense homeostasis. These data raise very interesting questions and open new avenues of research for a better understanding of post-transcriptional events during virus infection and possible new targets for the development of antiviral agents.

Many viruses can modify the host cell nuclear functions in order to promote an ideal environment for viral replication. These effects on host cell nuclear functions can be mediated by a variety of mechanisms including the alteration of nuclear architecture \[[@pone.0161914.ref052]--[@pone.0161914.ref055]\], the interruption of nucleocytoplasmic transport pathways \[[@pone.0161914.ref056]--[@pone.0161914.ref059]\], and the induction of nuclear herniations \[[@pone.0161914.ref060]\]. It may come as a surprising observation that infection by a cytoplasmic RNA virus alters the alternative splicing of specific cellular transcripts in the nucleus. In the case of poliovirus, for which alterations to a limited number of transcripts has previously been demonstrated, visible morphological alterations of the nucleus have long been known to occur during viral infection \[[@pone.0161914.ref061]\]. Such changes are more subtle with reovirus, although "herniations" has been reported in the nucleus of infected cells \[[@pone.0161914.ref042]\]. Altered DNA synthesis and cell cycle is also observed at least in some cell types and with some reovirus strains \[[@pone.0161914.ref036]\]. The presence of viral proteins in the nucleus of reovirus-infected cells also supports the idea that this cytoplasmic virus could alter the nuclear splicing machinery. Two likely mechanistic scenarios involve the binding of viral proteins to specific splicing factors thereby hindering their processing activity, and/or the binding of viral proteins to specific sequences on cellular transcripts preventing both binding of splicing factors and subsequent processing.

Dysregulated expression of splicing factors has been shown to be involved in human diseases. For instance, the Serine/Arginine-Rich Splicing Factor 1 (SRSF1) was found to be over-expressed in several tumor types \[[@pone.0161914.ref062]\], and fibroblasts overexpressing SRSF1 caused tumor formation when injected into mice \[[@pone.0161914.ref063]\]. Similarly, upregulation of the splicing factor hnRNPH has been shown to drive splicing switches of oncogenic target genes in gliomas \[[@pone.0161914.ref064]\]. Recently, RBM4, an RNA-binding factor involved in multiple aspects of cellular processes such as AS, was also demonstrated to control cancer-related splicing events affecting cellular processes such as apoptosis, proliferation, and migration \[[@pone.0161914.ref065]\]. Very few changes in the expression levels and/or splicing patterns of splicing factors were detected in our study upon viral infection. One notable exception is the transcript encoded by *ESRP1* which seemed significantly over-expressed following viral infection (32-fold increase). How the altered expression dynamics of *ESRP1* (and other splicing regulators) contribute to AS homeostasis during virus infection remains to be investigated. Interestingly, a previous study identified ASEs regulated by Esrp1 using RNA silencing technology in a human epithelial cell line \[[@pone.0161914.ref050]\]. Using such a strategy, the authors identified 148 alternative splicing events in a total of 134 different genes that were regulated by Esrp1. In the present study, the splicing of eight of these Esrp1-regulated transcripts are also found to be differentially spliced upon viral infection (ASPH, JMJD1C, MACF1, NASP, NEDD4L, RBM39, TRA2A, WSB1) suggesting, at least in part, that some of the observed splicing alterations observed upon viral infection could be related to Esrp1 over-expression.

Among the 240 ASEs that were differentially spliced upon viral infection, many have predicted changes in their protein function. Among the latter, the expression of the full-length Mdm2 transcript was found to be significantly reduced and replaced by a shorter form that is predicted to encode a truncated Mdm2 protein deficient in its ability to bind p53. The true relevance of this modification needs to be further confirmed by functional studies. Binding of Mdm2 to p53 has been shown to induce degradation of this key regulator of cell proliferation \[[@pone.0161914.ref066]\]. Interestingly, stabilization of p53, as is predicted to occur by truncation of the MDM2 protein resulting from alternative splicing modification, was previously shown to increase reovirus oncolytic activity \[[@pone.0161914.ref067]\]. Indeed, reovirus has been shown to exploit altered Ras signaling pathways in a myriad of cancers \[[@pone.0161914.ref068],[@pone.0161914.ref069]\], and this has led to current clinical trials of reovirus as an oncolytic agent \[[@pone.0161914.ref033],[@pone.0161914.ref034]\]. Unfortunately, mass spectrometry analysis did not allow the detection of the Mdm2 protein in both uninfected and reovirus-infected cells. Altered splicing pattern of *MDM2* upon viral infection could be another factor contributing to reovirus oncolytic activity and a possible new target to further optimize its therapeutic potential.

Modifications to the global landscape of cellular AS has been thoroughly studied in cancer \[[@pone.0161914.ref010]--[@pone.0161914.ref012]\]. Various studies are starting to reveal the extent of changes that occur at the splicing level in different types of cancer. Strategies to modulate AS by splice-switching oligonucleotides in order to correct aberrant events, or to induce expression of therapeutic splice variants are being developed \[[@pone.0161914.ref017],[@pone.0161914.ref020],[@pone.0161914.ref021]\]. For instance, the splicing of Bcl-x(L) in cancer cells can be redirected towards the pro-apoptotic variant Bcl-x(S), which has been shown to reduce the tumor load in xenografts of metastatic melanoma \[[@pone.0161914.ref070]\]. It is therefore tempting to speculate that such a strategy could likely be utilized to limit viral replication. The current identification of extensive changes in the cellular AS landscape during virus-host interactions likely represents a first step toward the development of antiviral agents based on the modulation of AS during viral infections. Molecular tools such as splice-switching oligonucleotides that can specifically alter the proportion of splice variants are also essential to assess the function of these splice variants during viral infection.

Experimental Procedures {#sec009}
=======================

Cells and Viruses {#sec010}
-----------------

Murine L929 fibroblasts were obtained from the American Type Culture Collection (ATCC) and were routinely grown in minimal Eagle medium (Wisent) containing 5% fetal bovine serum (FBS Gold, PAA Laboratories). Mammalian orthoreovirus serotype 3 strain Dearing (T3/Human/Ohio/Dearing/55) also originally obtained from ATCC was propagated and titrated by TCID~50~ on L929 fibroblasts, as routinely used in the laboratory \[[@pone.0161914.ref071]\]. This laboratory stock was recently completely sequenced (NCBI accession numbers KP208804 to KP208813) and rescued by plasmid-based reverse genetics \[[@pone.0161914.ref039]\]; this virus is referred to as T3D-S. Mutant PL4-12 reovirus was obtained through chemical mutagenesis as described before \[[@pone.0161914.ref038],[@pone.0161914.ref039]\].

Viral Infection {#sec011}
---------------

L929 cells were plated at a density of 7X10^4^ cells per square centimeter the day before infection at an MOI of 50TCID~50~ units per cell using standard procedures \[[@pone.0161914.ref071]\]. Control L929 cells were seeded at the same density and uninfected. Cells were collected 14 hrs post-infection, at which time visible cytopathic effect was still minimal. For RNA-Seq analysis, total RNA was extracted with Trizol^®^ as recommended by the manufacturer (Life Technologies).

RNA-seq Library Preparation {#sec012}
---------------------------

Messenger RNAs were isolated from 5 ug total RNA using New England Biolabs magnetic mRNA isolation kit (S1550S), as per manufacturer\'s protocol, and then eluted in 25 μl. Quality and quantity assessments were performed on Agilent Nano Chip (Catalog number 5067--1511); all RIN-Value were equal or above 9.7. The RNA-seq library was then built using Illumina SSV21106 kit from 9 μl isolated mRNA. Library quality was assessed using Agilent DNA HS Chip (Catalog number 5067--4626). Library quantification was performed by qPCR following Illumina Kappa library quantification protocol. WT and P4L-12 reovirus-infected and mock libraries were multiplexed and sequencing was done in triplicate. Pooled libraries were sequenced at 100bp paired-end reads using Illumina HiSeq 2000 at McGill University and Génome Québec Innovation Centre Sequencing Service.

RNA-seq Data Analysis {#sec013}
---------------------

Sequence reads were aligned on a transcriptome reference sequence database (UCSCGene MM10) using Bowtie v2 aligner (default parameters) and all valid mapping positions were kept. Associated gene isoforms were quantified in transcript-per-million (TPM) using RSEM for each sequenced sample \[[@pone.0161914.ref072],[@pone.0161914.ref073]\]. RSEM uses an Expectation-Maximization (EM) algorithm as its statistical model, allowing reads mapping to multiple transcripts to be also part of the quantification; this huge advantage has lead groups such as the Cancer Genome Atlas (TCGA) to use RSEM in their pipelines. A maximum of two mismatches in the seed (25 bases) was allowed (default parameter). The estimated number of fragments that originate from a specific isoform/gene and the estimated fraction of transcripts corresponding to an isoform/gene are returned by RSEM. Alternative splicing events were automatically detected and quantified using the percent-spliced-in (PSI, Ψ) metric based on long (L) and short (S) forms of all splicing events presents (equation shown below). Briefly, for each splicing events in one given gene (cassette-exon, mutually exclusive exons, alternative 5' and 3' splice site, etc), a PSI value was given according to the ratio of the long form on total form present (short form and long form) to characterize inclusion of exon, differential splice-site choice, intron retention, etc. For example, the long form of a cassette-exon would be its inclusion, and short form would be its exclusion from the mature transcript. Events resulting in no change in size (e.g. mutually exclusive exon with the same size) were arbitrary given the long and the short forms.
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Gene Expression Analysis {#sec014}
------------------------

The gene list was initially filtered to keep only data present in at least two replicates for both virus-infected and mock cells. To ensure higher reproducibility, only genes with expression levels higher than one transcript per million (TPM) in either dataset were conserved. Fold changes in base 2 logarithm were then calculated between infected and mock average TPM. Q-values were calculated to take into account multiple statistical hypothesis testing and results under 0.05 were considered significant.

Alternative Splicing Analysis {#sec015}
-----------------------------

The alternative splicing event (ASE) list was filtered to keep only data with at least two replicates for both virus-infected and mock cells (16,044 genes). Events with a P-value less than 0.05 were conserved (1,732 events). To ensure higher stringency, the ASEs were further filtered with a cutoff Q-value of less than 0.05. From these events, only those with a difference higher than 10% in PSI were considered biologically relevant. The same process was applied to P4L-12 mutant reovirus and mock cells.

Statistical Analysis {#sec016}
--------------------

Welch\'s t-test (Student\'s t-test with unequal sample sizes and unequal variances) was calculated through the GSL library (<http://www.gnu.org/software/gsl/>) integrated to Perl system analysis for gene expression and alternative splicing data. Also, false discovery rate was calculated with the Q-value package in R (<https://cran.r-project.org/src/contrib/Archive/qvalue/>) based on \[[@pone.0161914.ref074]\]. For all other analysis, Graph Pad Prism version 6.05 was used to run statistics.

Data Availability {#sec017}
-----------------

The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus \[[@pone.0161914.ref075]\] and are accessible through GEO Series accession number GSE81017 (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81017>).

Gene Ontology Analysis {#sec018}
----------------------

The Database for Annotation, Visualization and Integrated Discovery (DAVID) \[[@pone.0161914.ref076]\] version 6.7 was used and Bonferroni correction was applied to obtained P-values. Reference background was composed of all genes or splicing events analyzed to take into account any bias from the experimental analysis.

String Networks {#sec019}
---------------

Using the STRING database \[[@pone.0161914.ref077]\] (version 10), genes were submitted for generation of protein-protein interaction network from the *Mus musculus* interactome. High-resolution evidence views were created and saved.

Consensus Sequence Retrieval {#sec020}
----------------------------

The MEME suite \[[@pone.0161914.ref078]\] (version 4.10.1) was run against the intron-exon-intron sequence of the selected alternative splicing events, looking for a conserved motif up to 75 nucleotides long. A cutoff of 5 sequences was used to obtain only relevant motifs.

Functional ASE Prediction {#sec021}
-------------------------

Using the FAST-DB or EASANA suite, the splicing patterns of a gene of interest was visualized. DNA sequences of representative transcripts presenting long and short isoforms were downloaded and translated into proteins using ExPASy translation tool \[[@pone.0161914.ref079]\]. Counter verification using Genome Browser was done to ensure expression of transcripts and good protein sequence. Predicted proteins were then compared using Multalin (truncation and frameshift event) \[[@pone.0161914.ref080]\], PFAM and Interpro (loss or appearance of a functional domain) \[[@pone.0161914.ref081],[@pone.0161914.ref082]\] and NLS Mapper (loss or gain of nuclear localization signal) \[[@pone.0161914.ref083]\].

RT-PCR Validation {#sec022}
-----------------

Reverse transcription was performed on 2.2 μg total RNA with Transcriptor reverse transcriptase, random hexamers, dNTPs (Roche Diagnostics), and 10 units of RNAse OUT (Invitrogen) following the protocol of the manufacturer in a total volume of 20 μl. All the forward and reverse primers were individually resuspended to 20--100 μM in Tris-EDTA buffer and diluted as a primer pair to 1 μM in RNase DNase-free water (IDT). Quantitative PCR (qPCR) reactions were performed in 10 μl in 96 well plates on a CFX-96 thermocycler (BioRad) with 5 μL of 2X iTaq Universal SYBR Green Supermix (BioRad), 10 ng (3 μl) cDNA, and 200 nM final (2 μl) primer pair solutions. The following cycling conditions were used: 3 min at 95°C; 50 cycles: 15 sec at 95°C, 30 sec at 60°C, 30 sec at 72°C. Relative expression levels were calculated using the qBASE framework. For every PCR run, control reactions performed in the absence of template were performed for each primer pair and these were consistently negative. The amplified products were analyzed by automated chip-based microcapillary electrophoresis on Caliper LC-90 instruments (Caliper LifeSciences). Amplicon sizing and relative quantitation were performed by the manufacturer\'s software.

Cell Fractionation {#sec023}
------------------

Cells were harvested and pelleted by centrifugation at 1000 RPM for 2 minutes. They were then resuspended in 100 uL magnesium-free PBS; 100 uL of nuclear extraction buffer (40mM Tris-HCl pH 7.5, 20mM MgCl~2~, 4% Triton X-100, 1.28M sucrose) was added with 300 uL of ultrapure water, with all solutions at 4°C. Incubation was carried on ice with occasional agitation by inversion for 20 minutes. Nuclei were retrieved by centrifugation at 5000 RPM, 4°C during 15 minutes; the supernatant was kept as the cytoplasmic fraction. Nuclei were resuspended in 100 uL of low salt buffer (20mM Hepes-KOH pH 7.9, 20mM KCl, 1.5mM MgCl~2~, 20mM EDTA, 0.5mM DTT, 25% glycerol) and 100 uL of KCl 1.2 M was added before harsh agitation. Nuclear lysis was carried for one hour on ice with vigorous vortexing at every 10 minutes. Chromatin was then eliminated by centrifugation at 13 000 RPM for 15 minutes at 4°C and the supernatant represented the nuclear soluble fraction.

LC-MS/MS Analysis {#sec024}
-----------------

Proteomic analysis of infected and mock cells was carried out as previously described \[[@pone.0161914.ref084]\] Briefly, 50 ug of protein from each fraction (nucleus and cytoplasm of infected and mock cells) were reduced in 10 mM DTT and alkylated in 50 mM iodoacetamide. Protein mixture was then separated by one-dimensional SDS-PAGE precast Mini-PROTEAN TGX gel (Bio-Rad). Upon separation, each lane was cut into 4 slices, trypsin-digested and subjected to LC-MS/MS analysis. MaxQuant was used to identify peptide-spectrum match (PSM) against either Uniprot Mus Musculus and Reovirus proteins, or against ENSEMBL *Mus musculus* proteins for SpliceVista analysis.

SpliceVista Isoform Analysis {#sec025}
----------------------------

*Mus musculus* ENSEMBL ID and gene names were retrieved using BioMart to create the initial database. The code converter.py was modified to permit retrieval of *Mus musculus* gene ID from the ENSEMBL ID database previously created. The SpliceVista program was then run using all default parameters under Linux \[[@pone.0161914.ref085]\].

Supporting Information {#sec026}
======================

###### Supplemental data (tables and figures).

(PDF)

###### 

Click here for additional data file.
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